Oxidative stress is the major cause of atherosclerosis and cardiovascular diseases. This cross-sectional study is aimed at determining if parallel serum markers of oxidative stress are related to carotid intima-media thickness (IMT). We enrolled 134 participants with varied metabolic syndrome (Met-S) scores (zero, n = 21; one, n = 19; two, n = 27; three, n = 26; four, n = 25; five, n = 16). Biochemical profiles and potential oxidative stress biomarkers malondialdehyde (MDA) and uric acid were measured in fasting plasma. We found that carotid IMT positively correlated with both MDA and uric acid levels. Multivariate analysis revealed that both MDA (p < 0:05) and uric acid (p < 0:01) levels were significantly associated with carotid IMT in participants whose Met-S scores were ≥1 or ≥2. However, only uric acid (p < 0:01) levels were positively associated with carotid IMT in patients with metabolic syndrome. Linear regression model analysis revealed that the prediction accuracies for carotid IMT from MDA combined with uric acid and from a combination of MDA, uric acid, and Met-S score were 0.176 and 0.237, respectively. These were better than the predication accuracies from MDA (r 2 = 0:075) and uric acid (r 2 = 0:148) individually. These results suggest that measuring uric acid levels along with MDA biomarkers and Met-S scores may be a promising step in the development of an effective model for monitoring the severity of carotid IMT and atherosclerosis in the patients with metabolic syndrome.
Introduction
Oxidative stress plays a crucial role in the pathophysiological processes of several diseases, including atherosclerosis [1] . Metabolic syndrome is a cluster of conditions that includes abdominal obesity, high blood pressure, high blood sugar, high serum triglycerides, and low high-density lipoprotein cholesterol (HDL-C) levels. Accordingly, each of these conditions including obesity, dyslipidemia, hypertension, and hyperglycemia carries an independent risk for cardiovascular disease and atherosclerosis [2] [3] [4] [5] . An increasing number of studies confirm that metabolic dysregulation causes increases in oxidative stress, contributing to the pathogenesis of atherosclerotic changes [6, 7] .
Serum uric acid and malondialdehyde (MDA) are two important biomarkers of oxidative stress [8] [9] [10] . In particular, MDA is the most frequently used indicator of oxidative damage to cells and tissue in several conditions (e.g., diabetes). Several studies have shown that elevated serum uric acid levels are associated with conditions of metabolic dysregulation such as hyperlipidemia [11] , hypertension, and cardiovascular risk-related factors [12, 13] . MDA is a toxic product of aldehydes from lipid peroxidation. High serum concentration of MDA is associated with metabolic dysregulation of glucose and lipid profiles [6] .
Carotid intima-media thickness (IMT), measured noninvasively by ultrasonography, is currently a widely used marker for atherosclerotic disease. Carotid IMT is directly associated with an increased risk of cardiovascular disease [14, 15] . Although previous studies have reported that high levels of MDA and uric acid are individually associated with increased carotid IMT in patients with hypertension and metabolic syndrome [16] [17] [18] , whether uric acid, or MDA, or their combination may serve as a better predictor of carotid IMT among the patients with metabolic syndrome has not been clarified yet. Therefore, this study was designed to address this issue. Our data show that the prediction accuracies for carotid IMT from MDA combined with uric acid in the cases with higher metabolic syndrome scores were better than those from MDA and uric acid individually.
Participants and Methods

Study Design and Participants.
This study was designed as a cross-sectional case-control study, conducted at the Health Management Center at the Changhua Christian Hospital over a two-year period. All participants aged between 45 and 60 years were eligible for inclusion. Exclusion criteria included evidence of hyperthyroidism, hypothyroidism, alcoholism, or viral hepatitis (type B or C). Cases were also excluded if the patients were receiving antidiabetic medication, statins, antioxidants, vitamin C, vitamin E, nonsteroidal anti-inflammatory drugs, or hepatotoxic agents during the study period. Waist circumference and blood pressure were measured in all participants. After an >8-hour overnight fast, venous blood specimens were obtained from all subjects for biochemical profiles as well as high-sensitivity C-reactive protein (hs-CRP), uric acid, and MDA levels; the information of anthropometric measurements and metabolic syndrome-associated profiles were also obtained. The study was conducted in strict accordance with guidelines for research involving human subjects developed by the Taiwan Ministry of Health and Welfare. All study protocols were approved by the Institutional Review Board of the Changhua Christian Hospital (Approval Number 110507). All participants provided written informed consent to participate in the study.
Definition of Metabolic Syndrome (Met-S) Scores.
In this study, metabolic syndrome was defined according to the modified National Cholesterol Education Program (NCEP) criteria with Asian-specific cutoffs [19] . Briefly, metabolic syndrome was diagnosed in patients with ≥ three of the following five components: (1) waist circumference (≥90 cm for men and ≥80 cm for women), (2) blood pressure (systolic ≥ 130 mmHg and/or diastolic ≥ 85 mmHg), (3) triglycerides (≥150 mg/dl), (4) HDL-C (<40 mg/dl in male and <50 mg/dl in female), or (5) fasting glucose (≥100 mg/dl). The participants were initially stratified into Met-S score subgroups according to the number of Met-S components.
Anthropometric
Measures. Blood specimens were obtained from participants in the morning following an overnight fast. The plasma was aliquoted and stored at −80°C, without thawing until assay. A history of cigarette and alcohol use was obtained from each study participant. Height and weight were measured in light clothing without shoes. BMI was calculated as weight (kg)/height 2 (m) 2 .
Carotid Ultrasonography to Measure Intima-Media
Thickness of the Common Carotid Arteries. IMT of the common carotid arteries was assessed using high-resolution B-mode ultrasonography (Acuson 128XP, equipped with a 7 MHz linear array transducer). All measurements were conducted by the same experienced sonographer on a day close to the day of blood biochemistry analysis. The IMT value was defined as the mean of 10 IMT measurements on the far wall of the bilateral common carotid arteries about 10 mm proximal to the carotid bifurcation. The lumen/intima leading edge (I-line) to media/adventitia leading edge (M-line) method was used, which is validated anatomically as previously described [20] .
Assays for Plasma MDA and Plasma Superoxide
Dismutase. Plasma MDA was assayed with a thiobarbituric acid reactive substances assay kit (Cayman Chemical Company, Ann Arbor, MI, USA) according to the manufacturer's instructions. Absorbance of the samples was measured at 532 nm by a microplate reader (Versa Max, Molecular Devices, Sunnyvale, CA, USA). MDA level was determined by using an MDA standard curve. The superoxide dismutase (SOD) is an enzyme protecting lipid from superoxideinduced oxidative stress. The activity (U/ml) of plasma SOD was therefore quantified in order to characterize the antioxidant capability of a biological system using a superoxide dismutase assay kit (Cayman Chemical Company, MI, USA) according to the manufacturer's instructions. The interassay and intra-assay laboratory coefficients of variation for MDA were 5.8% and 8.0%, respectively, and for SOD were 7.2% and 6.5%, respectively.
2.6. Assays for Oxidative DNA Damage. Increased oxidative stress may lead to oxidative DNA damage, which may in turn bring about cell injury and death. 8-hydroxy-2′-deoxyguanosine (8-OHdG) is a biomarker that is widely used to indicate the oxidative stress-induced single nucleotide-based lesions [21] . γ-H2AX is a protein involved in the first step for repairing DNA double-strand breaks and is a sensitive marker of DNA damage and repair [22] . Quantitation of those two proteins (8-OHdG and γ-H2AX) was performed by 8-OHdG assay kit (Wuhan Fine Biotech Co. Hubei, China) and γ-H2AX assay kit (Wuhan Fine Biotech Co. Hubei, China), according to the manufacturer's instructions, respectively. The interassay and intra-assay laboratory coefficients of variation for 8-OHdG were 6.8% and 7.5%, respectively, and for γ-H2AX were 8.5% and 9%, respectively.
Biochemistry Assays and Other
Measures. Serum concentrations of aspartate transaminase (AST), alanine transaminase (ALT), uric acid, fasting blood sugar, hs-CRP, total white blood cell count (WBC), and lipid profiles including total cholesterol, triglyceride, low-density lipoprotein cholesterol (LDL-C), and HDL-C were measured using standard procedures at the Department of Laboratory Medicine, Changhua Christian Hospital. In addition, glycated hemoglobin (HbA1c) levels in venous bloods samples were analyzed by the D-100 HbA1c test (Bio-Rad Laboratories, Inc., CA). The interassay and intra-assay laboratory coefficients of variation for HbA1c varied between 1.1 and 2.3%.
Statistical
Analysis. Data are represented as mean ± standard deviation (SD). The chi-square test was used for categorical comparisons of data, and the ANOVA test was used to measure differences in means of continuous variables between the six Met-S score subgroups ( Table 1 and Figure 1 ). The Jonckheere-Terpstra test was used to test for an ordered alternative hypothesis within six subgroups ( Table 1 ). The Pearson correlation analysis was performed to evaluate the correlation between carotid IMT and oxidative stress biomarkers, as well as Met-S scores ( Figure 1 ). The multiple linear regression model was used to assess the relationships between oxidative stress biomarkers (Tables 2  and 3 ), and conditions of metabolic dysregulation, as well as carotid IMT (Table 4) . A linear regression model was used to calculate the predicted values of carotid IMT ( Figure 2 ). A p value < 0.05 was considered as an indicator of significant statistical difference. All statistical analyses were conducted using the statistical package SPSS (IBM SPSS Statistics, version 20, IBM Corporation, Chicago, IL, USA).
Results
3.1. Demographic, Clinical, and Laboratory Data. This study enrolled 134 participants who visited the Health Management Center at the Changhua Christian Hospital for health management reasons over a two-year period. Table 1 shows demographic, clinical, and laboratory data from participants in the six Met-S score subgroups. There were no significant differences in age, gender, alcohol use, or cigarette use among these subgroups. WBC, hs-CRP, average IMT, GOT, and GPT showed graded increasing trends, while HDL-C showed a graded decrease (Table 1) .
Increased Levels of Oxidative Stress Markers and Lower Activity of Antioxidant Enzymes in the Subgroups with
Higher Met-S Scores. The plasma levels of uric acid and lipid peroxidation product MDA were significantly increased in parallel with the number of Met-S scores ( Table 1 ). The activity of antioxidant enzyme SOD showed the tendency toward decrease among Met-S subgroups, whereas both 8-OHdG and γ-H2AX levels of oxidative DNA damage showed the tendency toward increase ( Table 1 ). The plasma level of MDA was significantly correlated with 8-OHdG levels (r = 0:2418, p = 0:0089).
Correlations between Carotid IMT, Uric
Acid, MDA, hs-CRP, and Metabolic Syndrome Scores. We examined the relationships between carotid IMT and the oxidative stress biomarkers, MDA and uric acid, and the inflammatory factor, hs-CRP, in all 134 participants using Pearson's correlation test. The analysis revealed that carotid IMT positively correlated with uric acid (r = 0:382, p < 0:001) and MDA (r = 0:274, p < 0:001), but not significantly correlated with hs-CRP (r = 0:151, p = 0:082) (Figures 1(a)-1(c)). We also found that carotid IMT showed significant correlation with Met-S scores (r = 0:225, p trend < 0.001) ( Figure 1(d) ).
Relationship of Oxidative Stress Biomarkers (MDA and
Uric Acid) with Metabolic Components. Reports have suggested that oxidative stress is associated with conditions of metabolic syndrome and several traditional risk factors [6, 7] . Therefore, we examined which factors are closely associated with MDA and uric acid. After adjusting for the five conditions of metabolic syndrome and traditional risk factors, multivariate analysis revealed that MDA was significantly correlated with fasting blood sugar (p < 0:001), Met-S score (p < 0:001), and triglycerides (p = 0.005) as well as negatively with HDL-C (p = 0:014) ( Table 2 ). Uric acid was positively correlated with diastolic blood pressure (p = 0:001) and metabolic score (p < 0:001) as well as negatively with HDL-C (p = 0:028) ( Table 3 ).
Multivariate Analysis to
Evaluate the Associations among MDA, Uric Acid, and Metabolic Syndrome Traits and Carotid IMT. We then examined the role of these two oxidative stress biomarkers in association with carotid IMT in our study participants. Multivariate analysis revealed that Met-S score (p = 0:044) and uric acid (p = 0:013) were positively associated with carotid IMT among all participants (n = 134), after adjusting for traditional risk factors (age, gender, smoking, and alcohol use). However, MDA and hs-CRP were not positively associated with carotid IMT (Table 4) . Stratified by Met-S scores, further analysis revealed that both MDA (p < 0:05) and uric acid (p < 0:01) levels were significantly associated with carotid IMT in participants whose Met-S scores were ≥1 or ≥2. However, only uric acid (p < 0:01) was positively associated with carotid IMT in participants with metabolic syndrome, i.e., patients with Met-S scores ≥ 3.
3.6. Uric Acid Combined with MDA and Met-S Score Is Better Predictive of Severity of Carotid IMT. Finally, the linear regression model was used to calculate the predicted values of carotid IMT based on the total variation of carotid IMT. We observed that the prediction accuracy (r 2 ) of carotid IMT variance for MDA and uric acid was 0.075 and 0.148, respectively. The prediction accuracy (r 2 ) of carotid IMT variance for MDA combined with uric acid and for a combination of MDA, uric acid, and Met-S score was 0.176 and 0.237, respectively ( Figure 2 ).
Discussion
In this study, we evaluated the association between oxidative stress biomarkers and carotid IMT, and whether combination of these biomarkers is a better predictor for carotid IMT in our study participants. We found that participants with higher metabolic syndrome scores, MDA, and uric acid levels had significantly higher levels of carotid IMT (all p values < 0.001 and p trend < 0.001). Multiple regression analysis showed that both MDA and uric acid were significantly associated with carotid IMT in participants with ≤2 Met-S components. Furthermore, in participants with metabolic syndrome, uric acid was an independent factor of carotid IMT. An evaluation of both oxidative stress biomarkers (MDA plus uric acid) or evaluating them in combination with Met-S scores might provide more accurate measurements of carotid IMT.
The present study showed consistent results in the increased levels of oxidative stress products and its related DNA damage markers (e.g., 8-OHdG and γ-H2AX), and in the lower activity of antioxidant enzyme (e.g., SOD), supporting the increase of oxidative stress in metabolic syndrome and its component pathologies [6, 7, 12, 22, 23] . However, the mechanism underlying oxidative stress in metabolic .00
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1.00 MDA level was log-transformed (ln) due to nonnormally distribution. Model 1 was the full model with adjusting for waist, LDL-C, TG, HDL-C, total cholesterol, SBP, DBP, and fasting blood sugar. Model 2 was carried out the backward elimination procedure for Model 1. Model 3 was adjusted for Met-S, total cholesterol, and LDL-C. Met-S: metabolic syndrome; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; MDA: malondialdehyde; SBP: systolic blood pressure; DBP: diastolic blood pressure. syndrome remains unclear. We revealed the significant correlation of total WBC counts with serum MDA (r = 0:3511, p < 0:0001, Pearson's test) and uric acid (r = 0:1944, p = 0:0244, Pearson's test), respectively. Given evidence indicates that phagocytic NADPH oxidases in leukocytes become overactive in the metabolic syndrome patients, which has been considered as the primary source of reactive oxygen species (ROS) involved in atherosclerosis [7, 24] . Since phagocytic NADPH oxidases are predominantly expressed in the innate immune cells [25] , total WBC count might serve as a nontraditional potential biomarker for lipid peroxidation and atherosclerosis in the patients with metabolic disorders [25] [26] [27] . Uric acid is the end product of purine metabolism in human beings and higher primates. Although it has been suggested that uric acid can act as an antioxidative scavenger, providing powerful free radical scavenging capacity in plasma [28, 29] , it may also act as a prooxidant to trigger oxidative stress in cells and contribute to endothelial dysfunction and damage via triggering oxidative and endoplasmic reticulum stress and inducing mitochondrial dysfunction and mitochondrial DNA damage [30, 31] . Despite the reported beneficial role of uric acid [28, 29] , this study suggests that higher levels of uric acid are correlated with carotid IMT in participants with various conditions of metabolic dysregulation (Table 4 ) [32] .
Due to a molecular structure that is abundant with reactive double bonds, lipids are susceptible targets of oxidation [33, 34] . MDA is one of the main products of lipid peroxidation. It is also a toxic molecule with oxidized low-density LDL. Therefore, it promotes atherosclerosis [35, 36] . Consistent with previous studies [37, 38] , our study suggests that elevated levels of MDA are correlated with carotid IMT. We further reveal that this association was closely observed in subjects with fewer metabolic syndrome components (Table 4 ). This might imply that more complicated mechanisms are involved in advanced stages of atherosclerosis, although higher MDA levels tend to be associated with having more conditions within the metabolic syndrome.
A number of studies have shown that MDA and uric acid are individual risk factors for increase of carotid IMT and atherosclerosis [39] [40] [41] . However, few studies have been conducted to show how both parallel biomarkers simultaneously contribute to carotid atherosclerosis and its progression [42] . Our study, to the best of our knowledge, is the first to report that the presence of circulating uric acid combined with MDA in participants with varied metabolic syndrome scores significantly increased the risk of carotid IMT (Figure 2 ). Interestingly, our study showed that MDA and uric acid had different relationship profiles with carotid IMT, metabolic syndrome conditions, and traditional risk factors. Lipid peroxidation MDA level was predominantly associated with lipid disorders (e.g., high LDL-C), high blood sugar levels, and metabolic scores ( Table 2 ). Although glucose is not a lipid, it can be converted from the glycerol component of triglycerides, in particular, in patients with metabolic syndrome and diabetes. In contrast, uric acid was associated with hypertension, TGs, and metabolic scores ( Table 3 ). The comparative relationships of uric acid and MDA to carotid IMT might suggest that a diagnostic model comprised of Met-S score and those two oxidative stress serum biomarkers may provide an effective strategy for detecting and monitoring the development of atherosclerosis.
There are several limitations in this study. Firstly, this study was a cross-sectional study. Therefore, it did not allow for determination of causal relationships. Secondly, the study had a relatively small sample size, which may have reduced its statistical power. Longitudinal studies with a larger sample size are needed to establish cause-effect relationships in the future. Thirdly, the information of alcohol and cigarette use, which are considered as common causes of oxidative stress for cardiovascular disease, was obtained by selfreported questionnaire. It might be underestimated for alcohol and cigarette use in our participants.
Conclusion
We found that oxidative stress biomarkers, increased levels of MDA and uric acid, were positively associated with increased carotid IMT in cases with multiple metabolic syndrome conditions. Specifically, we found that the combination of Met-S Uric acid level was log-transformed (ln) due to nonnormally distribution. Model 1 was the full model with adjusting for waist, LDL-C, TG, HDL-C, total cholesterol, SBP, DBP, and fasting blood sugar. Model 2 was carried out the backward elimination procedure for Model 1. Model 3 was adjusted for Met-S, total cholesterol, and LDL-C. Met-S: metabolic syndrome; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; SBP: systolic blood pressure; DBP: diastolic blood pressure. 
